The propagation of extragalactic particles within our Galaxy has been modelled. The flux of such particles is below the observed cosmic ray flux at most energies when their power-law spectrum is extrapolated back from the highest energies. Also, we expect that the propagation of extragalactic particles through static magnetic fields in the Galaxy will not result in a flux change to match the flux of particles measured here within the Galaxy. However, if we were to consider the observed cosmic rays to be of Galactic origin, there would be a remarkable similarity between the required Galactic injection flux and the extrapolated extragalactic flux. We consider here whether the scattering of extragalactic particles in the Galaxy together with an associated energy perturbation might be sufficient for the extragalactic beam to result in the production of 'Galactic' particles and, hence, essentially all of the observed cosmic rays. This appears to be possible.
Introduction
It has become clear that, at the highest detected energies, cosmic rays are of an extragalactic origin. The evidence for this conclusion is: (1) t h a t the arrival directions of cosmic rays with energies above 1 EeV are too isotropic to be compatible with any Galactic source distribution; (2) t h e highest-energy cosmic rays detected are not from the direction of the Galactic plane, even though their trajectories should be essentially linear within the Galactic magnetic field; and (3) there are no known Galactic objects clearly capable of accelerating particles to the highest energies. It follows from this conclusion t h a t it is important to determine at what energy there might be a transition from Galactic to extragalactic origin. We will argue that such a transition is not necessarily in the higher-energy region. Figure 1 shows a schematic of the higher-energy section of the cosmic ray energy spectrum following Yoshida et al. 1995 . The full spectrum is a rather featureless approximation to a power-law spectrum over more than ten decades of energy and almost thirty decades of flux. T h e most notable features are a steepening at around 10 PeV (the 'knee') and a flattening with perhaps some complex structure above a few EeV (the 'ankle'). These features are emphasised in Figure 2 . T h e composition is not well known but there is a strong suggestion t h a t it exhibits a progressive lightening from iron-rich at about 10 PeV to proton-rich at energies above a few EeV. A popular scenario is then t h a t at the highest energies there is an extragalactic proton beam. The log 10 (energy/eV) Figure 1 -Schematic diagram of the cosmic ray energy spectrum based on Yoshida et al. 1995 (dotted line) . The solid curve is an extrapolation to lower energies of their power-law fit to the spectrum above the ankle. Figure 2-The energy dependence of the enhancement of the measured energy spectrum over the extrapolation to lower energies (Figure 1 ) of the energy spectrum above the ankle (solid). Also shown is the average lifetime of protons in the Galaxy derived from propagation modelling: (a,b) from Berezinsky et al. (1991) , which includes directional scattering in a random magnetic field component; (c) from Smith & Clay (1990) , with no random component.
composition changes in the region above the knee then result from a progressive change, with increasing energy, from Galactic to extragalactic origin. Below the knee, where the particles would be Galactic, one pictures a progressive loss of containment for light nuclei at low energies up to heavy nuclei at higher energies but at the same magnetic rigidities. The result is a composition change roughly as observed, a progressive increase in nuclear mass to the knee and a reduction beyond as the extragalactic particles finally dominate. This conventional model has a number of problems. A serious difficulty is that we have no satisfactory model which is capable of explaining the acceleration of Galactic particles to energies above the knee. Models exist that enable these energies to be reached, but these give the impression of requiring rather extreme assumptions. It is not then obvious that a Galactic source flux can dominate at energies approaching 1 EeV. Additionally, if one assumes a change at the ankle from Galactic to extragalactic particles, one has to assume a remarkably close coincidence of Galactic and extragalactic fluxes. That is, if one were to extrapolate the extragalactic flux that exists above the ankle (with a differential spectral index of -2-7, Yoshida et al. 1995) back to lower energies from a few EeV, the Galactic and extragalactic fluxes do not deviate by as much as a decade down to the lowest measured energies (see Figure 1 ). Since the spectrum is steep, this situation could equally be described by noting that, at constant flux, energies for the 'Galactic' and 'extragalactic' beams deviate by much less than a factor of 10 over a factor of 10 9 in energy. One is led to wonder if we are really measuring two independent fluxes or whether there is just one, and local Galactic conditions modify the extragalactic spectrum (through the building up of flux in a containment volume and/or through the acceleration of particles) to give the observed spectrum over the full energy range. We here examine the relationships between the measured fluxes inside and outside the Galaxy for a model based on a single extragalactic flux.
It is an assumption of popular models that the extragalactic component continues as a power law down to energies below the ankle and is soon dominated by the Galactic flux. We wish to consider here the observational properties of such an extragalactic power-law flux when measured by observers within our Galaxy. We do this with reference to propagation models used by ourselves and others in recent years. For simplicity, we first wonder what cosmic ray spectrum would be observed within our Galaxy if there were no Galactic sources and there was only an extragalactic power-law flux. The answer should be given by Liouville's theorem (see Lemaitre & Vallarta 1933) , which tells us that in these circumstances the flux would be unchanged provided that the particles suffer no energy change within the Galaxy. That is, provided that all arrival directions are allowed, an isotropic extragalactic flux propagating through a static magnetic field will result in an isotropic observed local flux, and the fluxes will have the same magnitude, since the distribution in momentum space will be unchanged. We emphasise that, provided the conditions for Liouville's theorem apply, a flux will not build up even though particles may spend a large 'containment' time within the Galaxy. We examine this process below by following many individual particle trajectories. We then ask how a flux injected within the Galaxy is related to an observed flux after some containment in the Galactic magnetic field. This can result in a flux enhancement. Finally, we examine crudely the effect of scattering processes within the Galaxy which modify the energies of the incident particles.
We do not propose an energy at which there is a transition from high-energy extragalactic particles to lower-energy particles essentially completely accelerated within our Galaxy. However, we do conclude that if the flux at the highest energies is extragalactic, the transition energy need not be at the ankle and could well be below the spectral knee, where models of Galactic sources appear to be more secure.
The Galactic Magnetic Field Model
Our knowledge of even our own Galactic magnetic field is severely limited. Most of the available observational data relate to the nearest few kiloparsecs and the structure is not well defined. The overall picture may be of a spiral structure or it could be made of field lines in concentric circles. In addition, there is strong evidence for a random field component, most probably stronger (by perhaps a factor of three) than the underlying smooth component. Modelling indicates that the field has containment properties in the sense that particles will take much longer than the rectilinear travel time to cross the Galaxy (Berezinsky et al. 1991; Smith & Clay 1991) . This need not mean that the particles are held within a bottle of some type. More likely, their paths are twisted by the field configuration and scattered by regions of small-scale dense fields. The particles may also be accelerated by moving fields.
Propagation Calculations
We have previously studied the Galactic propagation of cosmic rays by following trajectories through the magnetic fields to determine the expected properties of the cosmic ray anisotropy at the Earth (see Smith & Clay 1990 ). In such cases, we followed antiprotons away from the Earth to ensure that the trajectories actually intersected the Earth. We now wish to examine the overall cosmic ray flux within the Galaxy so we reverse that process to obtain one which is conceptually more simple, i.e. we follow incoming extragalactic particles. This gives only a broad overall picture but it makes the physical effects particularly clear.
We set up a large volume surrounding our Galaxy and fire protons inwards randomly from the surface of that volume. When a particle later reaches an edge of the volume, it is discarded and a new particle is followed. At equal time steps in the passages of the particles, their locations are noted to be within elemental volumes and, over the simulation, the number of particles found within each volume of space is accumulated and recorded. This will give a measure of the flux expected to be observed within each spatial volume. As we have done in the past, we use a spiral Galactic magnetic field model with scattering (Thielheim & Langhoff 1968) . The result of this simulation is that the flux is unchanged by the Galactic field. This is the result to be expected on the basis of Liouville's theorem.
So far, we have assumed an extragalactic flux and found that the observed results correctly obey Liouville's theorem by retaining their isotropy and the magnitude of the flux. We now examine a scenario in which particles originate with equal likelihood at all points in space, Galactic and intergalactic. This appears to be unphysical but, as far as intergalactic space is concerned, it is like the previous scenario. It also allows particles to originate within the Galaxy. It is thus a combination of Galactic and intergalactic sources with the same original flux at every point. From our previous discussion, we expect the extragalactic component to produce no observable excess within the Galaxy. This may not be so for particles whose sources are within the Galactic magnetic field. Figure 3 shows the results of this scenario for particles of energy 0-1 EeV. The fluxes in the plane of the Galaxy are shown and clearly have been changed by the magnetic field. There is an increased flux within the Galaxy at points where there is a substantial magnetic field. This is a result of including sources within the field configuration.
At low energies, the lifetimes of the particles in the Galaxy are of the order of 10 6 to 10 7 years. This is of the order of 100 times the 'containment time' for a Galactic particle leaving the Galaxy directly in the absence of any magnetic field. Figure 2 shows the result of propagation modelling plus low-energy observational information for the cosmic ray containment time in the Galaxy. As we saw before, Figure 2 also indicates the excess in the measured cosmic ray flux when compared to the extrapolated extragalactic flux from the high-energy spectrum. The resemblance between this and the energy dependence of the lifetime is striking. One might note that the necessary increase in flux over the extragalactic value is at least ten times less than the expected lifetime increase. An a priori expectation might have been that the lifetime increase could result in a flux increase, up to a maximum value given by the factor of the increase. Such a strong condition is not necessary.
We might ask whether the resemblance in Figure 2 is coincidental or whether there is a physical mechanism to relate the Galactic and extragalactic fluxes. The necessary Galactic injection flux is close to the extragalactic flux permeating the Galaxy. However, as we have seen, the extragalactic flux on its own cannot provide such an injection flux. We note, however, that the preconditions for Liouville's theorem to apply are not present in detail in the Galaxy. It is well known that the scattering of cosmic rays from magnetised clouds is capable of changing the energies of the particles. It is possible that a small energy change induced by each scattering process may result in extragalactic particles having the properties of a Galactic injection flux. Relatively minor changes to the properties of the propagating extragalactic particles may make them act like particles of Galactic origin and thus as potential 'trapped' particles.
To investigate this possibility, we have repeated our original calculations which included only extragalactic particles (and showed no flux enhancement) but have included an energy change in our scattering process. For simplicity, this was assumed to be a constant factor (1% either positive or negative with equal probability) each time there was a scattering event. Figure 4 shows a resulting flux density map. This has properties similar to the one shown Figure 4 . The distribution is shown for the Galactic plane. The lower peak corresponds to the pixels in the Galactic plane which are at large distances from the Galactic centre and, hence, outside the Galactic magnetic field. Note that the pixels in the Galaxy itself have fluxes which are in excess of the general extragalactic flux. The dotted line indicates the distribution which would have been obtained in the absence of any effects of the Galaxy on particle propagation.
in Figure 3 for Galactic particles and shows that the flux densities can be substantially increased. Figure 5 shows the distribution of flux for the pixels in Figure 4 . It is clear that the plane of the Galaxy has developed a second, higher, flux component as a result of the scattering. This model indicates that such a scattering process can indeed result in a net flux increase and, since there is a steep energy spectrum, also a net energy increase at constant flux. Our model is insufficient to determine whether the magnitude of the effect is sufficient to produce the observed spectrum in a real galaxy but the sense is correct and the observed features such as the knee and the ankle would be produced at close to the observed energies. It certainly indicates that it is unreasonable to simply extrapolate an extragalactic spectrum back to low energies without taking into account the effect of propagation of the particles within the Galaxy.
The assumption of a power-law extragalactic spectrum extending to low energies can neither be confirmed nor rejected with available data. For instance, that extrapolation would be compatible with GRO measurements of the gamma-ray flux from the the Magellanic Clouds (Sreekumar et al. 1992 (Sreekumar et al. , 1993 . Hence the lower limit of applicability of our model is unknown. The results we have discussed here may well also be compatible with our present detailed knowledge of the low-energy cosmic rays, since the conventional assumptions of Galactic acceleration at the lower energies (for comparison with containment and isotope interpretations) are close to our those in model, in which the final stages of acceleration are indeed Galactic. Those accelerated particles would then undergo Galactic propagation and interaction as is usually assumed.
Conclusion
We have modelled the propagation of extragalactic cosmic rays in our Galaxy. In accord with Liouville's theorem, we find no change in flux. However, the same spectrum originating in our Galaxy could produce the observed Galactic flux when the known Galactic magnetic field is included. We have shown that a scattering mechanism which includes some random energy change could result in extragalactic particles being accelerated within our Galaxy to produce a spectrum with features much like those observed.
